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1 Introduction 


Climate change-mediated negative effects on agriculture would be most pronounced in the highly populated areas of the 
world. Asia supports nearly half the world’s population. The staple crop of Asians is rice. Africa holds the second-largest 
proportion of the world’s population and rice consumption is increasing annually in Africa. The two continents are also the 
ones with the highest rate of population increase. Thus, the global demand for rice, which at present feeds an estimated 3.5 
billion people worldwide, is progressively increasing. Rice is not only a source of food but also of livelihood (IRRI, 2018). 
The maximum percentage of poor and malnourished people also resides in Asia and Africa. Aspects of nutritional security 
are also most important on the two continents. This is because the consumption of rice as a staple, mostly as milled and 
polished rice, does not meet micronutrient requirements. However, it accounts for 35%-—60% of the total caloric intake in 
Asia (Khush, 1997). Hence, such a scenario necessitates the continuous improvement of rice yield, quality, stress tolerance, 
and postharvest care. 

Present-day rice is extremely sensitive to drought (Lafitte et al., 2004) due to its mainstream cultivation practices in 
waterlogged paddy fields for thousands of years. Overall, drought threatens both rice yield and quality (Fitzgerald and 
Resurreccion, 2009; Kim et al., 201 1a, 2011b). This is especially true when drought occurs at the reproductive stage 
(Matsui et al., 2001; Jagadish et al., 2008). Drought is characterized by sustained below-average precipitation in an area 
whereby plants do not have sufficient water. A reduction in water content interferes with life processes because water 
encased in the hydrophobic membrane largely makes up the living unit of the cell, where it solubilizes various biopolymers 
and metabolites and acts as a nucleophile in enzymatic reactions. Drought can occur even in wet and humid areas, as it is 
defined relative to the condition in the locality. Over the past decades, the drought frequency has increased due to global 
warming (Dai, 2011). Drought spells now are of longer duration and thus the agricultural, socioeconomic, and ecological 
consequences are worse (Zhang et al., 2016). Up to 60% of crop loss can occur due to drought. In the past 25 years, 21% of 
losses in wheat and 40% of losses in maize were attributed to drought (Yin et al., 2014; Daryanto et al., 2016). Predictions 
for the severity of drought events in the future make for bleak projections. Leakey et al. (2006) project that increased 
drought and flooding due to global climate change may decrease the food crop yield over the next 50 years. Two-thirds 
of the world is projected to experience water stress conditions by 2025 (Manavalan and Nguyen, 2017). 

In this chapter, we discuss the multiple mechanistic pathways, each a complex process in itself, associated with plant 
response to drought, mostly using rice as a model. What grows out of such an understanding is the need for combining the 
current knowledge from molecular, physiological, organismal, ecogeographical, and environmental levels to breed for 
drought tolerance. The knowledge base of each of the component disciplines rests on the trait phenotype comparison 
of a relatively tolerant genotype. Hence, the importance of standardized phenotyping protocols cannot be overemphasized. 
Yet, for drought tolerance phenotyping, such protocols depend on edaphic and ecogeographical factors, necessitating the 
understanding of agronomical aspects as well. In the current era of “big data,” there are avenues for integrating knowledge 
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from molecular biology with population genomics going onto field-based physiological and agronomical responses of 
plants to inform and formulate breeding strategies. 

Gene discovery and functional analysis for relevant physiological traits for drought tolerance are increasingly predi- 
cated on sequencing-based technologies. Yet, moving the target genes for such traits from one genotype to another still 
depends on molecular marker technology. However, varietal improvement for quantitatively inherited traits such as abiotic 
stress tolerance through molecular marker technology has not been very successful. This is because such traits are regulated 
by multiple QTLs, often with small additive effects, and are influenced by genetic background, epistatic interactions, and 
the environment and its interaction with the QTL. At the very least, marker-based breeding for the improvement of complex 
traits requires the identification of the number of loci controlling the phenotype, the approximate location of the identified 
loci in the genome, the magnitude of QTL effects, and the stability of these effects in different environments and genetic 
backgrounds. When such requirements are met, as for the rice submergence tolerance gene (Sub1A; Xu and Mackill, 1996; 
Xu et al., 2006), substantial genetic gains for the trait can be achieved (Angeles-Shim and Ashikari, 2017). Most rice 
breeding programs strive to achieve a balance between speed, cost, quality, and acceptability. However, addressing the 
most critical bottleneck and satisfying the other three aspects can lead to a successful product delivery. Yet, a consolidated, 
interagency effort is important to generate, disseminate, and deploy a new variety to make a difference at the farmer and 
customer level. Hence, it is not just a multidisciplinary undertaking that integrates physiology and molecular biology to 
facilitate breeding, but a multistakeholder undertaking to ensure that the useful new variety is successful. 

We present details of the relevant physiological and molecular factors known to be important for abiotic stress tolerance. 
We then present examples of attempts at integrating the upstream experimental and downstream product development and 
deployment efforts to formulate pipelines that can deliver novel varieties for withstanding drought conditions and reducing 
yield penalties. We believe that it is only through such efforts that the complex traits of stress tolerance, yield improvement, 
and quality enhancement can be addressed to meet the food and nutritional security demands of an ever-increasing 
population. 


2 The complex physiological response to drought 


The complexity of drought response starts right from the osmoticum-mediated ionic differentials across cell membrane that 
signal the sequential cascading responses at the hormones, genes, proteins, and metabolites level. Identification and char- 
acterization of the players involved at these levels target the improvements needed at the cell, tissue, organ, and organism 
level. In turn, this feeds into the feasibility of deploying the improved variety in the target environment (Henry et al., 2015). 

To begin with, the manifestation of the apparent changes at the organismal level is the most basic way of screening for 
tolerance. One of the simplest parameters used in screening for drought tolerance is the difference in the degree of leaf 
rolling, a physiological means of reducing transpiration under water stress. Leaf rolling under drought can be affected more 
by leaf morphology (leaf width) than by stomatal conductance, leaf water status, or maintenance of shoot biomass (Cal 
et al., 2019), and that narrow leaves roll up earlier than wider leaves. The stomata have a crucial role to play by closing 
and limiting water loss via transpiration. However, that inhibits CO> entry into the leaf cells and reduces the plant’s pho- 
tosynthetic rate. Indeed, stomatal density and the extent of stomatal closure affect survival under water stress (Bertolino 
et al., 2019). Increased leaf cuticle, reduced leaf area, and leaf blade orientation parallel to direct sunlight can prevent water 
loss (Fang and Xiong, 2015). These crucial adaptations increase drought resistance and promote survival (Passioura, 1996; 
Taiz and Zeiger, 1998; Biswal and Kohli, 2013). 

Other aerial manifestations of drought notwithstanding, the importance of the “hidden half,” that is, the roots of the 
plants is now being increasingly considered. Drought tolerance was maximal in rice plants with increased root hydraulic 
conductance (Lyr). These plants also had greater root density and depth. These traits together contributed to improved leaf 
water status (Henry et al., 2015). The resultant enhanced water transport can improve grain yield under drought (Henry 
et al., 2016). Drought-tolerant plants also show a greater large vein to small vein intervenal distance and mesophyll area 
(Henry et al., 2019), and these plants show increased lateral roots, especially under drought. Near isogenic lines (NILs) for 
drought tolerance QTL gDTY;3. exhibited reduced root growth distribution to the shallow soil layer but increased distri- 
bution to the deeper soil layer as well as an increased number of root tips. Such a root system architecture (RSA) through 
qDTY;.2 led to more water use efficiency, an early flowering phenotype, and increased grain yield under drought (Dixit 
et al., 2014; Grondin et al., 2018). A water deficit forces plant biomass allocation to the roots to improve water uptake, 
but that can compromise plant photosynthetic efficiency. Together with stomatal closure, which limits CO, entry, such 
a carbon deficit negatively impacts the essential cellular processes (Lichtenthaler, 1996; Blum, 1996; Zlatev and 
Lidon, 2012). One adaptation for water stress is spongy tissues in roots as water reservoirs, which can limit biomass 
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allocation to roots. Thus, phenotyping for particular morpho-anatomical differences in leaves and roots can support the 
selection and prediction for drought-tolerant genotypes. 

Drought stress response involves two major mechanisms: escape and resistance. Drought escape refers to develop- 
mental plasticity to shorten the plant’s life cycle, finishing before stress can do irreparable damage and eliminate the chance 
for reproduction (Yue et al., 2006). On the other hand, drought resistance can mean either avoidance or direct tolerance to 
the stress. Avoidance employs mechanisms to maintain high tissue water potential. This is achieved through several adap- 
tations such as improved root traits, reduced radiation absorption, stomatal conductance, leaf area, or changes in leaf ori- 
entation (Price et al., 2002). Drought tolerance is the plant’s capacity to maintain its metabolic activity while enduring water 
deficit and low tissue water potential (Ingram and Bartels, 1996). Osmotic adjustment is one strategy to alleviate drought 
stress effects. The accumulation of compatible osmolytes and solutes can sustain cell structure and photosynthesis at low 
water potentials, delay leaf senescence, and even improve root growth as drought severity increases. The hydrophilic nature 
of these osmolytes increases water availability by trapping water molecules when water is scarce. Thus, osmolytes help 
maintain osmotic potential and cellular turgidity. Proline, glycine betaine, sugars, and sugar alcohols are some of the most 
common compatible solutes. Sugars help stabilize membranes, and together with other molecules such as late embryo- 
genesis abundant (LEA) proteins, prevent membrane fusion. For example, the accumulation of trehalose aids in the reg- 
ulation of the carbon metabolism and photosynthesis during drought (Itturiaga et al., 2009). These solutes can also have an 
additional role, that of managing oxidative stress by suppressing reactive oxygen species (ROS) production (Chen and 
Murata, 2002; Bartels and Sunkar, 2005; Turner et al., 2001). 


2.1 ROS production and antioxidants as a means for drought tolerance 


Dehydration leads to increased ROS production, either as singlet oxygen, superoxide anion radicals, hydroxy] radicals, or 
hydrogen peroxide forms (Bartels, 2001). Because ROS production mainly occurs in the chloroplast, the plant’s photosyn- 
thetic activity is greatly affected (Kranner, 2002; Montero-Tavera et al., 2008). The main harm caused by ROS is due to its 
high reactivity and toxicity, which can damage biomolecules in the cell. This leads to an arrested cellular metabolism 
because of protein degradation and enzyme inactivation. Eventually, ROS damage will lead to cell death (Gill and 
Tuteja, 2010). During increased ROS formation, plants protect themselves by employing enzymatic antioxidant defense 
systems that include a variety of scavengers such as superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione 
peroxidase (GPX), glutathione S-transferase (GST), and catalase (CAT) as well as nonenzymatic low molecular metabo- 
lites such as ascorbic acid (ASH), glutathione (GSH), a-tocopherol, carotenoids, and flavonoids (Mittler et al., 2004). 

SOD is believed to be the most effective enzymatic antioxidant, providing the first line of defense against elevated ROS 
levels. Catalases (CAT) are tetrameric heme-containing enzymes that can directly dismutate H2O2 into H,O and O2. They 
remove H,O, generated by oxidases during B-oxidation of fatty acids, photorespiration, and purine catabolism in the per- 
oxisomes (Mallick and Mohn, 2000; Garg and Manchanda, 2009). Peroxidases are localized in the cytosol, vacuole, and 
extracellular space. These enzymes catalyze the scavenging of H,O, by oxidation of substrates. Of these, the most com- 
monly known are GPXs, which catalyze the reduction of H2O3, organic hyperoxides, and lipid peroxides in the presence of 
the hydrogen donor GSH (Ursini et al., 1995). APXs utilize ascorbate as the electron donor. Also, GSTs are a large group of 
multifunctional enzymes involved in processes such as hormone homeostasis, hydroxyperoxide detoxification, tyrosine 
metabolism, and herbicide detoxification as well as in response to biotic and abiotic stresses. GSTs catalyze the conjugation 
of electrophilic xenobiotic substrates with GSH (Dixon et al., 2010). GSTs are abundant proteins predominantly found in 
the cytoplasm. They can also reduce peroxides that can destroy DNA, RNA, and proteins (Noctor et al., 2002). 
Additionally, enzymes that regenerate the molecules used by peroxidases are also important components for ROS defense. 
Glutathione reductases (GR), monodehydroascorbate reductase (MDHAR), and dehydroascorbate reductase (DHAR) all 
work toward the regeneration of glutathione and ascorbate. 

The spatiotemporal expression pattern of these sets of enzymes is complex (Willekens et al., 1997). Under stress, some 
of these enzymes are observed to be upregulated (Sharma and Dubey, 2005; Eltayeb et al., 2007; Ushimaru et al., 1995; 
Chen and Gallie, 2005; Kwon et al., 2003). For example, plant GPX mRNA levels are known to increase during different 
environmental stresses, for example in the moss Tortula ruralis under drought stress (Dhindsa, 1991) and in citrus under salt 
treatment (Avsian-Kretchmer et al., 1999). Meanwhile, a decrease in the activities of GR, MDHAR, and DHAR enzymes 
leads to stress susceptibility (Ding et al., 2009). Higher chloroplast APX activity was observed in drought-stressed plants 
(Sharma and Dubey, 2005). Overexpression of APX in Nicotiana tabacum chloroplast enhanced salt-stress and water- 
deficit tolerance (Badawi et al., 2004). The plant CAT isozyme expression under stress is regulated by the presence of 
antioxidant or hormone-responsive elements in their promoters to have a protective role in osmotic and oxidative stress 
(Polidoros and Scandalios, 1999; Guan and Scandalios, 2000). Phytohormones thus have a crucial role under stress. 
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2.2 Phytohormones in drought stress response 


Plants depend on their ability for fast and highly adapted responses to environmental stresses. Such responses are facilitated 
by various chemical compounds that serve as signals for the plant to take remedial actions under stress. Hormones are the 
main class of such compounds (Chen and Murata, 2002; Browse, 2009). Hormones create a signal transduction network that 
leads to a cascade of processes that enables the physiological adaptation of the plant to stress (Bari and Jones, 2009; Pieterse 
et al., 2009). 

Abscisic acid (ABA) plays an important role in the perception of stress, alarming the plant’s defense mechanism to 
preserve water by stomatal closure and reduced leaf expansion (Davies et al., 2002; Wilkinson and Davies, 2002). 
ABA also modulates adaptive root traits such as deeper growth and architectural modifications (Spollen et al., 2000; 
Giuliani et al., 2005) as well as aquaporin-mediated root and shoot hydraulic conductivity for improved water uptake 
(Parent et al., 2009). ABA also regulates the synthesis of compatible solutes and antioxidants (Chaves et al., 2003). 
ROS also acts as a signaling molecule in conjunction with ABA, Ca”*, and sugars, which participate in both up- and down- 
stream of ABA-dependent signal transduction pathways during drought (Kwak et al., 2006). At the molecular level, ABA is 
involved in the transcriptional regulation of several drought-responsive genes and transcription factors such as DREB1/ 
CBF (drought-responsive element binding protein 1/C-repeat binding factor), DREB2, AREB (ABA-responsive element 
binding protein), ABF (ABRE-binding factor), and ABIS5 (ABA-insensitive 5; Zhang et al., 2006; Kohli et al., 2013). In 
rice, the ABA-regulated bZIP-TF ABI5-Likel (ABL1) is induced by salinity and drought. ABL1 then activates several 
stress response genes such as WRKY (Kohli et al., 2013). The binding of AREB1!, AREB2, and ABF3 to the promoter 
sequence of DREB2A activates the protein to facilitate drought response (Kim et al., 201 1a, b). 

Jasmonic acid (JA) signaling in response to drought stress has been reported in different species. Endogenous JA con- 
centrations increase under stress and elicit the expression of JA-induced proteins, as observed in barley (Lehmann, 1995; 
Kramell et al., 2000), corn (Xin et al., 1997), and strawberry (Wang, 1999). In rice, JA has a negative regulatory role in 
drought tolerance (Riemann et al., 2015; Dhakarey et al., 2017). SA is another phenolic compound widely used in plants as 
an important signaling molecule for stress response (Raskin et al., 1990). The SA concentration increases with water stress 
and this helps maintain cell membrane integrity and elicit the production of proline in barley (Bandurska et al., 2003). The 
exogenous application of SA also mitigates stress. Application of SA to tomato and bean enhanced drought tolerance, but 
this effect tapers off at higher concentrations (Senaratna et al., 2000). SA also has the effect of increasing dry matter accu- 
mulation, SOD activity, and total chlorophyll content, as observed in wheat (Hamada and Al-Hakimi, 2001; Singh and 
Usha, 2003). One of the main effects of SA application is the increased protection from oxidative stress, as it increases 
SOD and CAT activity, as observed in wheat and barley (Ananieva et al., 2002; Krantev et al., 2008). 

Strigolactones (SL) were first characterized as seed germination stimulants in the root parasitic plants Striga, 
Orobanche, and the Phelipanche species (Xie et al., 2010; Ruyter-Spira et al., 2013). Ha et al. (2014) demonstrated that 
SL also acts as a positive regulator of stress signaling networks, working in conjunction with ABA. It regulates the 
expression of many stress- and/or ABA-responsive genes involved in abiotic stress response, indicating crosstalk between 
SL and ABA. Similarly, brassinosteroids (BRs) function both in regulating plant growth and development and in biotic and 
abiotic stress response (Sasse, 2003; Krishna, 2003). In general, BR enhances the tolerance of plants to heat, cold, drought, 
and salinity stresses. Its induction is correlated to a higher expression of stress-inducible genes such as heat shock protein 
genes, RD29, and ERD10, indicating its importance in stress response (Dhaubhadel et al., 1999, 2002; Kagale et al., 2007; 
Koh et al., 2007). Drought-stressed rice seedlings treated with BR showed improved water economy and CO2 assimilation, 
improving survival under drought (Farooq et al., 2009). Similar results were observed in tomato, wherein BR treatment 
increased the relative water content and net photosynthetic rate under drought stress. BR also increased the ABA levels 
and activities of antioxidant enzymes (CAR, APX, and SOD) and decreased CO, concentration and H,O, (Yuan 
et al., 2010). 


3 Connecting physiological and molecular responses to drought 
3.1 Drought-inducible proteins 


Plants respond to drought at the organismal level by altering growth and development and by changing water and nutrient 
accumulation/translocation. These changes manifest into altered physiological processes such as photosynthesis and water 
and nutrient use efficiency. Along with small molecule metabolites, the main molecular machinery underlying these 
changes is the differential content of the biomolecules of RNA and protein. 

Proteins can function to protect other proteins and membranes from damage or even directly form molecular conduits 
for water and nutrients. LEA and dehydrin proteins are examples of such protective proteins. LEAs are activated through 
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ABA-responsive elements (ABREs) and low-temperature responsive elements (LTREs) in their promoters (Hundertmark 
and Hincha, 2008). HVA, an example of such LEA proteins, is inducible by different stresses such as salt, cold, and dehy- 
dration as well as through the action of ABA. The expression of HVA1 under stress helps stabilize proteins to increase water 
use efficiency and allow root growth and development (Chen et al., 2015). LEAs and dehydrins act as chaperones to protect 
the structural integrity of the proteins by replacing hydrogen bonds generally formed with water. The presence of functional 
structures of proteins helps in early recovery from stress because when water is available, these proteins become functional 
by water forming those hydrogen bonds again by replacing the dehydrins. The functional proteins do not have to be syn- 
thesized de novo, which saves resources, energy, and time, and the plant can initiate survival mechanisms immediately. 

On the other hand, aquaporins form water channel proteins that facilitate water transport through vacuolar and plasma 
membranes (Maurel, 1997). They are involved in the opening and closing of cellular gates, directly affecting cellular water 
balance and water use efficiency (Tyerman et al., 2002; Martre et al., 2002; Maurel, 2007). Aquaporins are classified into 
four major subfamilies: plasma membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), Nod26-like intrinsic 
proteins (NIPs), and small and basic intrinsic proteins (SIPs). In rice, 33 aquaporin genes were identified through genome 
sequencing (Oryza sativa L cv. Nipponbare). These genes showed organ-specific expression throughout the plant’s life 
cycle. Specifically, OsPIP2;4 and OsPIP2;5 had significant water channel activity, especially in the roots (Sakurai 
et al., 2005). Members of the subgroup PIP! have been shown to improve stress tolerance, such as in the example of 
OsPIP1;1 in rice, TdPIP1 ;1 in durum wheat, and TaAQP in tobacco (Liu et al., 2013; Ayadi et al., 2011; Hu et al., 2012). 

Other classes of proteins and RNA that come into play for drought tolerance affect gene expression, protein modifi- 
cation, or protein stability that feed into the structure—function modification of proteins under different conditions. The 
most popular examples of such protein classes are the transcription factors, kinases, and micro-RNAs. 


3.2 Transcription factors 


The complexity of drought response is emphasized by changes in the expression of a multitude of genes in response to most 
abiotic stresses. These gene expression variables are controlled by transcription factors (TF; Chen et al., 2012). Examples of 
TF families well known to be involved in stress response include WRKY, zinc finger (ZF), basic leucine zippers (bZIP), 
AP2/EREBP (Apetala2/Ethylene-responsive element binding proteins), MYB (myeloblastosis), and NAC (NAM-ATAFI/ 
2-CUC2) proteins. 

NAC is one of the largest families of plant-specific TFs. In rice, tissue-specific and stress-responsive NAC genes have 
been identified (Fang et al., 2008; Ooka et al., 2003). In Arabidopsis, ANACO72, ALNACO19, AtNACO55, and AtNAC102 
have been identified to respond to drought, salinity, cold, and submergence (Fujita et al., 2004; Tran et al., 2004; 
Christianson et al., 2009). Stress NACs (SNAC) such as SVACI, SNAC2/OsNAC6, OsNACS, and OsNAC10 have been 
identified as expressed in response to abiotic stresses (Hu et al., 2006; Nakashima et al., 2007; Sperotto et al., 2009; 
Zheng et al., 2009; Jeong et al., 2010). In rice, OsNAC5 was upregulated in the flag leaf during rice grain filling 
(Sperotto et al., 2009) while OsNAC6 greatly improved dehydration tolerance (Nakashima et al., 2007). The overexpression 
of SNAC/I resulted in enhanced drought tolerance at the reproductive stage. The SNAC overexpression transgenic line 
exhibited rapid stomatal closure and slow leaf water loss compared to the wild-type (Hu et al., 2006). SNAC/J also con- 
tributed to the maintenance of turgor pressure at a significantly lower level of relative water content. The overexpression 
of ONAC045 showed increased drought and salt tolerance (DST) (Zheng et al., 2009). Root-specific expression of 
OsNAC1O resulted in enlarged roots, leading to enhanced drought tolerance and a significant increase in grain yield under 
field drought conditions ( Jeong et al., 2010). OsNAM12./ was found to be a regulatory hub for drought response affecting 
root and panicle traits (Dixit et al., 2015b). 

The basic leucine zipper (bZIP) subfamily of TFs makes up one of the largest TF families in plants. Members include 
ABA-responsive element-binding factors or ABA-responsive element binding proteins (ABF/AREB) with significant roles 
in the ABA-dependent regulation of drought, salinity, and cold tolerance in Arabidopsis (Nakashima et al., 2007). In rice, 
89 bZIP transcription factors have been identified in the variety IR64, with several bZIPs shown to be responsive to abiotic 
stresses (Nijhawan et al., 2008). The expression of bZIPs is also induced by ABA, which means that it also serves to amplify 
the signals provided by ABA. Constitutive activation of the rice bZIP genes bZ/P23 and bZIP46 augmented ABA sensi- 
tivity and stress-related gene expression (Xiang et al., 2008; Tang et al., 2012). OsB28, OsbZIP23, and OsbZIP72 are 
believed to be involved in an ABA-dependent drought signal transduction (Nakagawa et al., 1996; Xiang et al., 2008; 
Lu et al., 2009). The signal transduction facilitated by bZIP members has been reported to increase drought tolerance, 
as observed in the case of OsbZIP16 (Chen et al., 2012). 

MYB (myeloblastosis-related proteins) and MYC (myelocytomatosis-related proteins) family members have been 
shown to activate ABA-dependent regulatory systems (Valliyodan and Nguyen, 2006). The MYB family is a large family 
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of transcription factors in plants. There are 198 MYB genes in Arabidopsis and 183 MYB genes in rice (Chen et al., 2006), 
most of which are observed to be responsive to abiotic stresses. MYB and MYC induction is observed after ABA accu- 
mulation. Transcriptome analysis shows that their target genes include ABA- or JA-inducible genes (Abe et al., 2003). For 
example, the overexpression of AtLMYC2 and AtMYB2 in Arabidopsis resulted in hypersensitivity to ABA as well as 
improved osmotic stress tolerance (Shinozaki and Yamaguchi-Shinozaki, 2007; Gao et al., 2011). OSMYB48-/ regulates 
the expression of some ABA biosynthesis genes, early signaling genes, and late response genes (Xiong et al., 2014). Sim- 
ilarly, zinc finger proteins are one of the largest groups of transcription factors in eukaryotes (Kubo et al., 1998). The over- 
expression of the Cys2/His2-type (C2H2) zinc finger proteins activates some stress-related genes and leads to enhanced 
tolerance to salt, dehydration, and/or cold stress (Sakamoto et al., 2004). Other examples of zinc finger proteins induced by 
stress include ZFP245 and ZFP252, which are important in cold and drought response (Huang et al., 2005; Xu et al., 2008). 
Physiological processes, such as stomatal closure, are also controlled by zinc finger proteins. For example, a DST gene was 
found to negatively regulate stomatal closure under salt and drought stress in rice by regulating genes involved in ROS 
homeostasis (Huang et al., 2009). The overexpression of OsRZF'P34 also increased relative stomatal opening (Hsu 
et al., 2014). Another RZFP, OsCOIN, is strongly induced by low temperature, ABA, salt, and drought. The overexpression 
of OsCOIN lines showed significantly increased tolerance to cold, salt, and drought as well as the upregulation of OsP5CS 
expression, leading to elevated cellular proline levels (Liu et al., 2007). 

The WRKY family of transcription factors is widely known to be involved in many processes, including plant devel- 
opment as well as plant responses to biotic and abiotic stresses ( Jang et al., 2010). These proteins are defined by the WRKY 
domain, which specifically binds to the W-box-type [(T)TGCA(C/T] DNA sequence elements (Du and Chen, 2000). 
WRKY members are transcriptional activators, repressors, or can act as both (Rushton et al., 2012). The function may 
depend on the protein a WRKY is interacting with, which may be MAP kinases, 14-3-3 proteins, calmodulins, histone 
deacetylases (HDACs), other resistance proteins, or other WRKYs (Rushton et al., 2010). Seventy-four WRKY genes were 
found in Arabidopsis through a genome-wide search (AtWRKY1 to AtWRKY74; Eulgem et al., 2000). Microarray data 
showed that WRKY expression is upregulated by drought, cold, and salinity stresses (Fowler and Thomashow, 2002; 
Seki et al., 2002). Twenty-four rice WRKY genes were reported to be induced seven-fold by osmotic stress, flooding, 
or drought (Berri et al., 2009; Wu et al., 2009). 

The AP2/ERF (Apetala2/ethylene response factor) superfamily of transcription factors is defined by the AP2/ERF 
domain, a DNA-binding domain consisting of 60-70 amino acids. This gene superfamily includes some of the most 
well-known stress-responsive transcription factors. The ERF gene subfamily is further divided into two major subfamilies: 
ERF and DREB. ERF proteins have major roles in transcriptional regulation of a variety of biological processes related to 
growth and development and in response to environmental stimuli (Nakano et al., 2006), specifically in hormonal signal 
transduction (Ohme-Takagi and Shinshi, 1995) in response to abiotic stresses (Stockinger et al., 1997; Liu et al., 1998; 
Dubouzet et al., 2003). Many experiments with transgenic plants for ERF genes have validated their roles in the response 
to drought and other stresses. For example, S/ERF5 conferred high tolerance to drought and salt stress in the transgenic 
tomato plants (Pan et al., 2012). The same phenomenon was observed when other tomato ERF genes such as TERF1 
and JERF1 were overexpressed in rice and tobacco. The overexpression of these genes resulted in the accumulation of 
osmolytes, the reduction of water loss, and the activation of oxidative stress-responsive genes (Gao et al., 2008; Wu 
et al., 2008). 

A dehydration-responsive element (DRE) was identified as a cis-acting promoter element in regulating gene expression 
in response to drought, high salt, and cold stresses in Arabidopsis. DRE is essential for the expression of rd29A, a drought- 
responsive promoter gene under stress (Yamaguchi-Shinozaki and Shinozaki, 1994). DRE-binding proteins CBF1, 
DREB1A, and DREB2A bind specifically to the DRE/CRT (CRT: C-repeat) sequence and activate the transcription of 
genes driven by the DRE/CRT sequence in Arabidopsis (Dubouzet et al., 2003). Constitutive expression of CBF3/DREBIA 
in japonica rice (cv. Nakdong; Oh et al., 2005) and indica rice (cv. BR29; Datta et al., 2012) improved drought stress tol- 
erance. The overexpression of CBF3/DREBIA has also improved the drought tolerance of rice megavarieties such as 
Samba Mahsuri. Physiological tests showed that AtDREB/A is associated with increased accumulation of proline, chlo- 
rophyll maintenance, increased relative water content and decreased ion leakage (Ravikumar et al., 2014). 


3.3. Kinases 


Kinases affect one of the most important functional groups, especially in the context of drought stress response. Kinases 
such as the mitogen-activated protein kinases (MAPK), calcium-dependent protein kinases (CDPK), and receptor-like 
kinases (RLK) were reported to regulate drought stress tolerance (Fukao and Xiong, 2013). MAPK cascades are evolution- 
arily conserved in all eukaryotic organisms. The basic components of the cascade are comprised of a distinct combination of 
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at least three protein kinases: MAPKKK (MAPK/MEKK/MKKK), a MAPKK (MKK/MEK), and a MAPK (MPK), which 
sequentially activate the succeeding kinase via phosphorylation (Colcombert and Hirt, 2008). The MAPK cascade is an 
important signaling pathway that transduces extracellular stimuli intracellularly, regulating cellular signaling for processes 
related to growth and development as well as stress response (Rohila and Yang, 2007). The action of the MAPK cascade 
results in the phosphorylation of specific protein targets and the modulation of the activities of different functional protein 
groups in response to stimuli (Taj et al., 2010). For example, the MKKK gene DSM1 was reported to confer drought stress 
tolerance in rice by regulating ROS scavenging (Ning et al., 2010). Plant MAPK cascades can also interact with tran- 
scription factors, such as WRKY, to regulate downstream gene expression in response to biotic and abiotic stresses 
(Andreasson et al., 2012; Shen et al., 2012). 

In plants, Ca** acts as a universal messenger in numerous signal transduction pathways, including abiotic stress 
responses (Frohnmeyer et al., 1999; Kim et al., 2003). Thus, kinases that act to sense Ca”* are also involved in stress 
response. These include CDPKs (Sheen, 1996), sucrose nonfermentation-related kinases (SnRKs; Fujii and Zhu, 2012), 
and the calcineurin B-like protein-interacting protein kinase (CIPK) subfamily (Shi et al., 1999). SnRKs are composed 
of 38 members grouped into three subfamilies: SnRK1, SnRK2, and SnRK3. SnRK1 is involved in the regulation of carbon 
metabolism and energy status while SNRK2 and SnRK3 regulate ABA-mediated signaling pathways (Coello et al., 2011). 
This happens in part through their interaction with AREBPs (ABA-response element binding proteins), which are their 
targets for phosphorylation (Coello et al., 2012). The CIPK signaling pathway is implicated in various abiotic stress 
responses (Kim et al., 2003; Kolukisaoglu et al., 2004). Thirty putative OsCIPK genes in rice were analyzed for their tran- 
scriptional responses to various abiotic stresses including drought, and 20 were found to be differentially induced by stress 
treatment. Overexpression lines containing OsCIPK03, OsCIPK12, and OsCIPK15 all showed improved tolerance to cold, 
drought, and salt stress, respectively (Xiang et al., 2007). CDPKs are also induced by different stress treatments. For 
example, gene overexpression and knockdown analyses of OsCPK9 revealed its positive role in drought stress tolerance 
and spikelet fertility, which manifests through increased stomatal closure, osmotic adjustment ability, pollen viability, and 
enhanced ABA sensitivity in overexpression lines (Wei et al., 2014). Another kinase, OsCPK4, was induced by salinity, 
drought, and ABA. Overexpression of the gene showed stronger water-holding capacity, and reduced levels of membrane 
lipid peroxidation and electrolyte leakage under drought and salinity stresses, which increased the tolerance of the over- 
expression. These suggest that OsCPK4 upregulates genes involved in the lipid metabolism and protection against oxi- 
dative stress (Campo et al., 2014). 


3.4 Micro-RNAs 


Plant response can also be regulated posttranscriptionally by micro-RNAs (miRNAs). MiRNAs are known to play various 
important roles at each major stage of development, targeting regulatory genes such as those encoding TFs ( Jones-Rhoades 
et al., 2006). MiRNAs are single-stranded RNAs usually 20—24 nucleotides in size. They serve as gene regulators in a wide 
range of organisms and play key roles in plant responses to biotic and abiotic stresses. Studies revealed that the expression 
of miRNAs is altered in plants during drought stress (Ferdous et al., 2015). miRNAs regulate their target genes via cleavage 
and translational repression of target mRNAs (Bartel, 2004; Du and Zamore, 2005). miRNAs whose expressions are mod- 
ulated by drought have been identified through transcriptome analysis (Zhou et al., 2010). Though nonprotein coding, these 
miRNAs are indeed genes and thus are also controlled by transcriptional cascades. For example, miR-169 g was discovered 
to be part of the CBF/DREB network based on the presence of DREs in its promoter (Zhao et al., 2007). It can then be 
inferred that miRNAs are used as another layer of control for the signaling cascade. MiRNAs allow for optimal expression 
of the genes involved in the cascade, despite not being proteins participating in the cascade itself. 

Just like protein modification such as phosphorylation alters its stability, interaction, or function, the modification of 
DNA also plays into regulating gene expression. Such a control through DNA and protein modification with methylation or 
acetylation is called epigenetic control. 


3.5 Role of epigenetic response to abiotic stress 


Apart from the information contained in an organism’s genome for gene expression, variations in chromosome configu- 
ration that occur through changes in histone protein and DNA methylation can affect gene expression. Enzymes such as 
histone acetyltransferase (HAT), HDAC, histone methyltransferase (HMT), and histone demethylase (HDM) all function to 
modify the N-terminal tails of the histones (Kim et al., 2010). Thus, it is not surprising that gene regulation for stress 
response is also associated with histone modifications. Modifications that serve to loosen histone binding to DNA such 
as acetylation, phosphorylation, or ubiquitination enhance transcription. Processes that close histone binding such as 
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biotinylation and sumoylation repress gene expression (Shiio and Eisenman, 2003; Filenko et al., 2011). Methylation of 
histones controls transcription depending on the context. For example, trimethylation of histone H3K4 activates while 
demethylation of H3K9 and H3K27 represses transcription (Chinnusamy and Zhu, 2009). There are many cases wherein 
histone modification enzymes show roles in stress response. In Arabidopsis, HDA6 and HDA19 mediate histone deacety- 
lation in response to biotic and abiotic stresses. HDA6 is induced by JA and ethylene (Zhou et al., 2005) while the HDA19 
protein is involved in transcriptional gene silencing (Probst et al., 2004). AtHD2C is a histone deacetylase downregulated 
by ABA. The overexpression of AtHD2C showed enhanced expression of ABA-responsive genes and better tolerance to 
salt and drought, suggesting that histone deacetylation has an important role in ABA and stress response (Sridha and Wu, 
2006). Drought-induced expression of stress-responsive genes also increased H3K4 trimethylation and H3K9 acetylation 
(Kim et al., 2008). Different members of HDAC in rice showed differential regulation in response to cold, salt, osmotic 
stress, and the hormones ABA, JA, and SA (Fu et al., 2007). 

DNA methylation in plants is regulated by various physiological, developmental, and stress stimuli. Methylation pat- 
terns that are retained through different cell cycles may be referred to as “epigenetic memory,” as it is possible to reinstate 
the DNA methylation state in daughter cells after replication. The level of DNA methylation differs from each plant species, 
and can also be controlled by hormonal fluxes, which in turn can be affected by various stresses (Steward et al., 2000; Zhang 
et al., 2012). This process can occur at both the promoter and the gene body (Finnegan et al., 1998). Methylation can be 
asymmetric or symmetric and is catalyzed by DNA methyltransferases and DNA demethylation enzymes: DRM1 
(DOMAINS REARRANGED METHYLASE 1), DRM2, METI, and the plant-specific chromomethylase 3 (CMT3; 
Henderson and Jacobsen, 2007). Stress can cause changes in gene expression through hypomethylation or hypermethy- 
lation of DNA. For instance, drought stress is known to induce hypermethylation in the pea (Labra et al., 2002). Plants 
growing under stress conditions can exhibit transgenerational inheritance of DNA-methylation patterns. This “stress 
memory” serves to create important epigenetic plasticity that allows response to stress both in the immediate short term 
and for long-term acclimatization (Mirouze and Paskowski, 2011). In rice, salt-tolerant genotypes showed hypermethy- 
lation while salt-sensitive ones showed demethylation, indicating that DNA methylation remodeling may play a role in 
conditioning for salt stress tolerance (Feng et al., 2012). DNA methylation-sensitive amplified polymorphism (MSAP) 
analysis revealed that drought induced 2.1% of total site-specific methylation differences that were genome-wide, across 
genotypes, tissues, and developmental stages (Wang et al., 2011). 

Small interfering RNAs (siRNA) have a role in epigenetic regulation in response to biotic and abiotic stresses via tran- 
scriptional gene silencing through RNA-directed DNA methylation (RdDM; Henderson and Jacobsen, 2007). These are 
distinct from miRNA and may arise from repeats, transposons, or noncoding regions of the genome as opposed to miRNAs, 
which are genuine genes. The ability of a genomic region to produce small RNAs and its propensity for DNA methylation is 
highly correlated. siRNAs are responsible for methylation of at least one-third of all methylated loci (Lister et al., 2008). 
Temperature and other abiotic stresses can regulate specific small RNAs. In Arabidopsis, endogenous siRNAs found to be 
regulated by abiotic stresses have been identified (Sunkar and Zhu, 2004). 


3.6 Novel molecular targets and processes for drought tolerance 


Apart from the protein classes and their functions listed above, additional candidates of protein classes could be explored 
whose role is critical. For example, any natural system would react to stress for survival through resource utilization effi- 
ciency and economy. Protein posttranslational modifications (PTMs) that occur during stress are a good example for func- 
tional agility with resident proteins without the need to synthesize new ones. The genes involved in these PTMs may then be 
useful targets for manipulation (see Chapter 23). Such manipulation can now be done in a much improved and safe manner 
through the gene editing processes. The continuous improvement of gene editing tools (ZFNs, TALENs, CRISPR-Cas9) 
has been fascinating and truly advantageous. CRISPR-Cas9 has greatly increased the precision and efficiency of targeting 
and manipulating specific genes, revolutionizing genetic studies and crop breeding (Zaidi et al., 2019). 

Recently, cell-penetrating peptides (CPPs) were developed as a way to accurately deliver molecules to specific organ- 
elles in a cell. In plants, it was shown that CPPs were viable for uptake by tobacco protoplasts, Arabidopsis plants, and 
Arabidopsis pollen, indicating that CPP was not hindered by the cell wall. However, CPPs are targets for proteolytic deg- 
radation in vivo. To prevent degradation, an alternative peptide mimetic was produced by linking the cationic amino acid 
side chain to the amide N instead of the a-C of the peptide bond, rendering it resistant to proteolytic digestion. The resulting 
peptoid can then be used to carry molecules to the cell. In the study by Asfaw et al. (2019), the peptoid was linked with 
coenzyme Q10 (PeptoQ) and was taken up by the cell via endocytosis. PeptoQ, which is localized in the mitochondria, 
interacted with the electron transport chain in the mitochondrial membrane and acted as an antioxidant during salt 
stress-induced oxidative stress. It improved redox homeostasis under salinity stress and alleviated stress-induced 
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programmed cell death. The technology presents a method for understanding the role of the plasma membrane and the 
mitochondria as key organelles during oxidative stress. Further understanding of these mechanisms to mitigate the damage 
incurred by the organelles during stress will hasten the identification of genes that can then be targeted in breeding 
programs. 


4 Breeding for drought tolerance 


Breeding for tolerance entails the identification and then selection of traits in the introgression breeding program ( Jackson 
et al., 1996; Kaloki et al., 2019). Traits should be highly heritable, easy to measure, and correlated to yield (Monneveux and 
Ribaut, 2006). The trait must not have pleiotropic effects on other economically important qualities (Richards, 2006). Traits 
that can be measured accurately with nondestructive phenotyping methods are preferred. However, dealing with large plant 
populations and different traits can be quite labor-intensive and expensive. The development of high-throughput pheno- 
typing (HTP) platforms aims to overcome such challenges. Examples of such phenotyping methods include near infrared 
(NIR) spectroscopy that can capture differences in crude proteins, starch, and dry matter; and multispectral reflectance used 
to measure canopy architecture, water status, and nitrogen content (Montes et al., 2007). Because breeding for improved 
drought resistance must be based on the stability of yield components and not just on survival, the most efficient method is 
to select for yield and its components under reproductive drought stress. The ideal phenotype should have high yield 
potential under well-watered (normal) conditions, and reduced yield penalty under drought. Therefore, it is important 
to identify essential mechanisms and genes that regulate yield under drought stress that will not affect yield through linkage 
drag under normal conditions (Basu et al., 2016). For example, improved rice varieties from the Green Revolution are 
selected for ideal environments and have minimal tolerance to abiotic stresses. In the case of drought, improvement of 
these high-yielding rice varieties was difficult due to the tight linkage of genes/QTLs for drought tolerance with those 
for shorter plant height (i.e., semidwarfing gene sd/; Vikram et al., 2015). 

It has been long recognized that drought tolerance is a multigenic trait that operates at different levels of regulation. The 
expression of the relevant genes is affected by the variety and the duration, timing, and severity of drought stress. In par- 
ticular, drought stress at the reproductive stage is of high importance as yield is greatly reduced when this occurs (Lanceras 
et al., 2004; Bernier et al., 2008). There is thus a complex interaction between genes involved in drought tolerance with 
those involved in grain yield potential (Price et al., 2002). A simplistic view is that a number of QTLs may be involved that 
would need to be pyramided. Thus, varieties that showed drought tolerance and acceptable yield under drought were used as 
sources of genes and quantitative trait loci (QTL) for the improvement of high-quality yet susceptible genotypes. Several 
QTLs have been identified and mapped: gDTY, ; (Vikram et al., 2011; Ghimire et al., 2012), gDTY2.;, gDTY3.; (Venuprasad 
et al., 2009), g@DTY2 2, gDTY 4.1, GDTY91, GDTY 10.1 (Swamy et al., 2013), qDTY3 2 (Vikram et al., 2011), gDTY¢ 7 (Dixit 
et al., 2014), and gDTY 72; (Bernier et al., 2007). The consistent effects of these QTLs across different genetic backgrounds 
make them valuable for marker-assisted breeding. Most of these QTLs were shown to have large effects under drought 
stress at different stages and have also been successfully pyramided in popular rice megavarieties (Swamy and Kumar, 
2013). An important understanding could arise from these QTLs whose physiological and molecular basis could be inte- 
grated to reveal the value in selecting the trait and associated genes for the breeding program. 


4.1 The case of the QTL qDTY;2; 


The QTL gDTY 2 ; leads to increased yield under drought as compared to the negligible yield without this QTL. Interest- 
ingly, it showed a consistent effect across different environments, genotypes, growth stages, and ecogeographies (Mishra 
et al., 2013). It was identified under upland conditions in a cross between the drought-tolerant variety Vandana and the 
drought-susceptible variety Way Rarem (Bernier et al., 2007). Dixit et al. (2012) used backcross-derived populations to 
fine map gDTY 2 ;. The QTL was identified from the susceptible parent Way Rarem, and it reduced the yield penalty suf- 
fered by Vandana under drought. Epistatic interactions were hypothesized to explain this observation (Dixit et al., 2012). 
Molecular analysis of gDTY;2.; showed possible epistasis occurring in the genes within the QTL as well as between genes 
within gDTY 2, and other chromosomes (Dixit et al., 2015a). Allelic analysis of gDTY)2_; showed its interaction with a 
drought-responsive major flowering locus gDTY; 2, resulting in a reduction in flowering duration during stress (Vikram 
et al., 2016). Several putative candidate genes were determined upon in silico analysis of gDTY;2 ;. Expression analysis 
of these candidate genes showed the upregulation of the transcription factor OsNAM 72 _; (No Apical Meristem) in the flag 
leaf, leaf, panicle, and roots of drought-stressed plants at the reproductive stage. Further analyses showed the central role of 
OsNAM ;2 ; in controlling multiple colocalized genes within the QTL (Dixit et al., 2015b). These genes are annotated for 
various functions, highlighting the multigenic and multitrait nature of drought tolerance. In addition, OsNAM 72 _; has been 
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found to be posttranslationally modified. This implies that genes in the background genome are essential to make the 
protein function toward helping maintain yield under drought. Comparison of the parental and NILs for the transcriptomic, 
metabolomic, and proteomic responses further illustrated the role of various genes, proteins, and metabolites affected in a 
networked response by the introgression of the QTL in different tissues (Dixit et al., 2015b; Raorane et al., 2015a, b). Sucha 
simultaneous multitissue comparison clearly illustrated that the role of the same molecular factor may not be the same in 
different tissues in response to drought. Importantly, physiological traits and genes related to root and panicle architecture, 
water use efficiency, flowering, and yield could be implicated from within the same QTL. Fortunately, the grain quality of 
the NILs was of an acceptable nature and this allowed for the QTL to be taken up in the breeding program to deliver 
drought-tolerant lines that were directly commercially useful. 

In rice breeding, varieties have been bred and released for higher yield potential and resistance to stresses, without a high 
priority on grain quality (Pang et al., 2016). Ideally, high yield must be coupled with consumer-accepted rice grain quality 
(Sreenivasulu et al., 2015). This entails having the two most important traits in consumer acceptance, namely uniformity in 
grain shape and translucent endosperm. In an assessment of consumer-preferred rice in two rural towns in the Philippines, 
the consumers preferred rice with long and slender grains (Cuevas et al., 2016). Zhao et al. (2015) identified markers that 
are associated with grain quality traits while Pang et al. (2016) identified rice cultivars that contain similar eating and 
cooking quality components to those of high-quality rice varieties. 

Breeding for a minimum of three complex traits of yield, stress tolerance, and grain quality simultaneously under the 
increasing pressures of time and resources is a Herculean task. However, the upcoming digital technologies can make such 
tasks somewhat amenable. 


4.2 Big data analytics for efficient breeding 


The world’s population is projected to reach 10 billion by the year 2050, and plant breeders are faced with the enormous 
task of ensuring food and nutritional security for all. This task is made more difficult by the continuously decreasing land, 
labor, and resources and the looming threat of climate change. Thus, this endeavor needs to leverage all novel strategies and 
innovative technologies (Rao, 2018; Delgado et al., 2019). Developments in several areas such as crop genomics, phe- 
nomics, remote sensing, and other sensor technologies have been adopted for high-throughput precision agriculture 
(Shakoor et al., 2019). HTP is a valuable tool that aids in the rapid advancement of genetic gain in breeding programs 
(Zhao et al., 2019). The use of these technologies leads to the generation of extremely large datasets spread across disci- 
plines and space that need to be efficiently curated, annotated, and analyzed (Ma et al., 2014). The challenge, however, is 
for the breeders, physiologists, molecular biologists, and bioinformatics community to effectively create, analyze, and use 
this big data for novel information (Ma et al., 2014). 

The 3K rice genomes project is a good example of how massive amounts of data can be used to streamline selection 
processes and candidate gene identification. This project undertook the resequencing of 3010 cultivated rice accessions 
from 89 countries with the aim of building a large-scale information database for the discovery of novel alleles for plant 
breeding (3K Genomes Project, 2014). Data revealed genetic variations among the accessions as shown by 29 million SNPs 
(single nucleotide polymorphisms), 2.4 million small InDels, and 90,000 structural variations (Wang et al., 2018; Fuentes 
et al., 2019). These variations are important sources of information for targeting traits or genes for subsequent marker-aided 
selection or genetic engineering as well as for elucidating molecular mechanisms that govern the trait or targeted responses 
(Fuentes et al., 2019). Additionally, nearly 1000 genotypes of wild and cultivated species have now been sequenced and 
analyzed for variations. This dataset is now being complemented with extensive phenotyping of the sequenced genotypes. 
The phenotyping effort will create datasets in the same magnitude as the 3K genomes, and the next task will be association 
analysis for identifying key genes to desired traits. For example, Campbell et al. (2017) performed a genome-wide asso- 
ciation study on 383 different genotypes for low salt concentration in roots, which allowed them to identify desirable alleles 
of OsHKT1;1. Similarly, Wang et al. (2017) utilized the same approach for grain quality traits and found multiple novel 
QTLs and previously confirmed QTLs. 

Apart from the integration of phenotyping and genomics, big data analytics can also be applied toward the mechanistic 
dissection of different traits. Systems-level approaches are essential in identifying the best genetic configuration for a given 
environment, as each environment can present its own problems. It can also be used to determine gene networks that can be 
complementary to one another when combined into a genotype. For example, the unique BR gene network in Oryza 
officinalis presents a viable complementary network that can be integrated to O. sativa, which may improve its cold tol- 
erance (Kitazumi et al., 2018). Another example is the discovery of improved source-sink dynamics in gDTY 72; NILs that 
maintained yield under drought (Raorane et al., 2015a, b). The proteomics approach is also utilized in the study conducted 
by Dhakarey et al. (2017), which showed the negative regulatory effects of JA toward drought resistance. Such integrated 
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networks underlying the TFs or phytohormones could only be discovered using systems-level analysis on large genome, 
transcriptome, proteome, metabolome, and phenome datasets. The possibilities of discoveries that can be made if different 
large datasets across divisions, institutes, or countries can be combined are staggering, to say the least. With continuous 
technological improvements, the limiting factor then becomes the analytical power and assigning the biological signifi- 
cance to the computational analysis. This necessitates an extensive capacity building undertaking in bioinformatics with 
researchers who have a biology background or can take to biology easily. 


5 The WISH project: A case study 


Designing a strategy for improving a trait as complex as drought tolerance depends on gleaning lessons from successes and 
failures of breeding platforms that have targeted value-added traits. An example of a rice breeding strategy that produced 
tangible improvements in two quantitative traits, that is, yield and biotic stress resistance, under an international collab- 
orative program is described to illustrate the potential use of a similar approach. Considerations that address the most 
common bottlenecks in breeding during the implementation of the project are also presented. 


5.1 Wonder Rice Initiative for Food Security and Health 


Realizing the grave challenge of food insecurity, Japan’s Nagoya University and Kyushu University, in collaboration with 
the International Rice Research Institute (IRRI) in the Philippines, supported by the Japan International Cooperation 
Agency (JICA) launched the Wonder Rice Initiative for Food Security and Health (WISH) in 2012. This is a collaborative 
rice breeding effort with the specific goals of increasing the yield and disease resistance of select rice varieties. The major 
rice-growing regions of the world are targeted and marker-assisted backcrossing technology is being used. The project 
capitalizes on the results of several years of foundational research by the two universities to identify, fine map, clone, 
and functionally analyze the genes that regulate yield and disease-resistance traits. For yield traits such as plant height, 
grain number, and primary branches and spikelets per panicle as well as for disease resistance, diseases such as blast, bac- 
terial blight, and rice yellow mottle virus are targeted. In collaboration with IRRI, WISH began its initial phase of 5-year 
varietal improvement in January 2013. Parallel breeding programs were conducted at Nagoya University in support of the 
breeding operations at IRRI. Within the duration of the first phase of the project, target genes for increased grain number 
(Grain number la; Gnla; Ashikari et al., 2005) and number of primary branches per panicle (Wealthy Farmer’ s Panicle; 
WFP; Miura et al., 2010) as well as for improved resistance against blast caused by Magnaporthe grisea (pi21; Fukuoka and 
Okuno, 2001; Fukuoka et al., 2009) were successfully transferred by marker-assisted backcrossing. The genes were fixed 
up to BC3F;_7 and BC4F5_¢ into more than 300 WISH lines in the genetic background of rice cultivars that are preferentially 
grown by farmers across Asia and Africa. Different combinations of the aforementioned genes have also been pyramided in 
another 300 WISH lines in the same genetic backgrounds (http://motoashikari-lab.com/wp/wp-content/uploads/2018/11/ 
WISH_catalogue_lite4.pdf). The initial field evaluation of WISH lines bred for increased grain number and number of 
primary branches per panicle at IRRI showed significant increases in both primary branching per panicle and grain number 
compared to the recurrent parents used in the program (Fig. 1; Angeles-Shim et al., 2015; Makihara et al., 2017; Yamada 
et al., 2020). Similarly, results of preliminary field and nursery screening showed an improvement in the spectrum of resis- 
tance to blast for WISH lines bred to have pi2/, with neither penalty to yield nor to grain quality (Angeles-Shim et al., 
2020). By the completion of the initial phase of the project in 2018, around 300 improved WISH lines with individual 
or combined target genes were distributed to partner agencies, universities, and institutes in Cambodia, Vietnam, Sri Lanka, 
Myanmar, Nepal, Lao PDR, and Indonesia in Asia as well as in Kenya, Burundi, and Mozambique in Africa. Through these 
international partnerships, the second phase of WISH, which includes regional testing and further improvement or adoption 
of the WISH lines, was launched with the support of the Canon Foundation in Japan. Preliminary reports on the field eval- 
uation in Kenya of NERICA rice carrying Gnal and/or WFP also showed the better yield potential of the improved WISH 
lines compared to the recurrent parents. 


5.2 Addressing common breeding bottlenecks under the WISH program 


5.2.1 Speed and cost of varietal improvement 

In rice, the use of molecular markers to monitor the introgression of one or a few genes of interest in breeding materials has 
proven effective if marker-trait association was established and validated (Collard and Mackill, 2008). With the 5-year 
timeframe of WISH to develop advanced breeding lines, marker-assisted selection (MAS) was critical. Genes regulating 
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FIG. 1 Plant and panicle morphology of NERICA 1 (A) and BC;F; lines in the NERICA 1 background having WFP (B) and GnJa (C). The effects of 
WFP and GnJa on the yield and yield components of NERICA | are presented in D, E, and F, respectively. Values are means of 35 samples. Bar= 10cm. 





the target traits were identified, cloned, and validated for their phenotypic effects and stability in different backgrounds. The 
basic genetic, molecular, and physiological research was conducted mostly in the participating universities. IRRI undertook 
the backcrossing and gene fixing activities through three or four backcrosses to the recurrent parent. The transfer of disease- 
resistance genes has been reported to be commonly accompanied by linkage drags that result in cultivar fitness reduction. 
The quantitative pi2/ in particular has been reported to be linked with other genes that are associated with poor eating 
quality (Fukuoka et al., 2009). Increasing the frequency of backcrossing not only allowed the recovery of a higher pro- 
portion of the recurrent genome, but also increased the chances of recombination that can dissociate pi2/ with downstream 
genes causing poor grain quality. Selection of the desirable traits without necessarily recovering 99% of the genetic back- 
ground of the recurrent parents was useful in reducing time and cost. 


5.2.2 Quality of improved rice cultivars 


To deliver significant varietal improvements, yield components that will produce the maximum impact were selected as 
breeding targets. The grain number as regulated by Gn/a (Ashikari et al., 2005) and number of primary branches per panicle 
as controlled by WFP (Miura et al., 2010) were used. The development of near-isogenic lines for both traits confirmed the 
genetic and phenotype stability of the two genes in different genetic backgrounds under a given environment (Ashikari 
et al., 2005; Miura et al., 2010). Similarly, while qualitative blast resistance has been widely used in breeding, it is highly 
race-specific and imposes selection pressure that drives the evolution of new races of the pathogen (Kuo and Wang, 2012). 
This has caused the breakdown of blast resistance in many cultivars as well as the emergence of new races of the pathogen. 
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In contrast, quantitative resistance genes have small effects that confer partial but durable resistance to most races of the 
same pathogen. Quantitative resistance slows the spread of the disease. The reduced selection pressure has been proposed to 
provide durability of resistance (Fukuoka and Okuno, 2001; Fukuoka et al., 2009, 2012). Under the WISH project, breeding 
for blast resistance was incorporated as a quantitative trait to ensure the durability of resistance. Thus, for both yield and 
blast resistance, the quality of the advanced lines was high. 


5.2.3 Acceptability of improved varieties by farmers 


Consideration of the ecology of the regions where the improved rice cultivars will be grown and the needs of the end users 
are two primary criteria for the success of any rice breeding program. The experiences in the development and dissemi- 
nation of submergence-tolerance rice having the Sub/A gene exemplify the importance of considering the needs and pref- 
erences of farmers. Sub/A was initially bred into six Asian rice megavarieties, namely Swarna, Sambha Mahsuri, IR64, 
BR1I1, Thadokkam1, and CR1009, by marker-assisted backcrossing at IRRI (Mackill et al., 2006; Septiningsih et al., 2009). 
All the improved varieties performed very well under controlled submergence tests in IRRI, showing significantly higher 
survival rates compared to the recurrent parents (Septiningsih et al., 2009). Despite this, the adoption of these varieties in 
the flood-prone target regions of Lao PDR, Indonesia, Philippines, and Vietnam was not as extensive as expected. In fact, in 
Indonesia where Swarna-Sub1 yielded higher than Ciherang after weeks of inundation, farmers still preferred to grow the 
latter due to its early maturity, grain shape, plant height, and resistance to disease and not least because of customer demand 
based on the eating and cooking qualities of Ciherang. This shows that varieties that are preferred by farmers are not nec- 
essarily those with the highest yield (Manzanilla et al., 2011). Hence, in the WISH project line for Africa, the New Rice for 
Africa or (NERICA) lines were selected as targets. For Asia, local cultivars with features preferred by farmers such as 
Kinandang patong (drought-tolerant), Azucena (drought-tolerant), and Basmati (aromatic) were targeted for improvement. 
The ongoing field testing of improved WISH cultivars toward their official release and dissemination by regional partners 
such as the Kenya Agricultural and Livestock Research Organization would have been impossible if the local preferences of 
farmers were not considered at the beginning of the program. 

Along with the breeding strategy, effective collaborations are an equally important deciding factor to the success of a 
breeding program. In the WISH project, Nagoya and Kyushu University are both very prestigious research-oriented uni- 
versities. IRRI is the birth place of the Green Revolution with continued research expertise and extensive global relation- 
ships with research networks, governments, civil societies, and farmer communities. JICA is the Japan government’s 
official agency that coordinates development assistance in developing nations. It is the expertise and strength of each 
partner that fosters the successes of the WISH Project. 


6 Conclusions 


Breeding for complex traits such as drought tolerance requires a synergistic approach. Plant breeders indirectly harness the 
correct physiological responses and molecular networks. Mechanistic understanding of such responses and networks can 
fast-track crop improvement by homing in on the underlying associative genetic markers. In this chapter, various tolerance 
mechanisms and successful cases for improving drought tolerance were presented. A combined approach using different 
aspects of the examples presented may show a way toward bridging the yield gap humanity faces. As technological 
advances continue, the knowledge bank for the different aspects of genomes and phenomes also advances. The issue is 
then combining the two to elucidate the complexities of a biological system, such that it is possible to model various sce- 
narios of response depending on environmental conditions. This would allow breeding programs to be performed with 
maximum efficiency with the thought of making optimally adapted varieties for different conditions, similar to how 
genomics has enabled the creation of “personalized medicine” for people (Delos Reyes, 2019). This prospect is not a pipe 
dream, but rather a goal that can be achieved through continuous multidisciplinary collaboration to remove the limits of 
humans to analyze massive amounts of data. Bridging the information gap between breeders, biologists, stakeholders, 
farmers, and consumers must also be considered. All in all, just as drought tolerance is a multigenic trait, so should the 
effort be to solve it-by combining multiple layers of information through collaboration, solutions will arise to mitigate 
the problems it presents. 
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